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ABSTRACT: The eating quality of carrots (Daucus carota L.) was investigated to evaluate the impact of cropping systems (one
conventional and three organic systems) and growing years (2007, 2008, and 2009) on root size, chemical composition, and
sensory quality. The content of dry matter, sugars, polyacetylenes, and terpenes as well as the sensory quality and root size were
related to the climate during the three growing years. A higher global radiation and a higher temperature sum in 2009 as
compared to 2007 and 2008 resulted in larger roots, higher contents of dry matter, sucrose, total sugars, and total polyacetylenes,
and lower contents of terpenes, fructose, and glucose. No diﬀerences were found between conventional and organic carrots with
regard to the investigated parameters. This result shows that organically grown carrots have the same eating quality as
conventionally grown carrots, while being produced in a more sustainable way.
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■ INTRODUCTION
Carrot (Daucus carota L.) is an important food crop with a low
sensitivity to cropping system,1 which makes it well-suited for
organic production. Carrots are consumed both raw and
cooked or processed into frozen products or juice. The eating
quality of carrots is determined by cultivar, fertilization,
geographical location, and climate.2−5 The cultivar and the
year-to-year variation in climate has a bigger inﬂuence on the
quality of carrots than the cropping system.6 Paoletti et al.7 also
reported that year had a greater eﬀect on carrot quality than
conventional and organic cropping, but they did not take
variation in climate into consideration.
Consumers expect organic foods to be healthier and safer
than conventional foods and to taste better, but the scientiﬁc
literature is contradictionary and it has been shown that there is
no diﬀerence in eating quality between organic and conven-
tional foods.6,8,9 A recent meta-analysis, however, showed that
organic foods have higher contents of antioxidants and lower
contents of cadmium, nitrate, nitrite, and pesticide residues
than the similar conventional food.10 Only a few studies have
compared the sensory quality of conventionally and organically
grown carrots under comparable conditions.7,11 Haglund et
al.12 found that organically grown carrots were more bitter and
had less carrot ﬂavor than conventional carrots, but the results
were presented as averages across several cultivars and growing
sites. Studies comparing chemical composition of convention-
ally and organically grown vegetables have mainly focused on
nutrients,8,9,13 and selected secondary metabolites such as
carotenoids, polyacetylenes, and phenolic acids.6,14,15 However,
studies are lacking which compare the eating quality of
conventionally and organically grown vegetables under
comparable ﬁeld conditions.11
In organic vegetable production, synthetic pesticides are
banned and the type and intensity of fertilization is restricted
with the aim of making less impact on the environment.
Organic vegetable production relies on fertilization methods
based on organic matter or mobilization via the use of nitrogen-
ﬁxing plants.1
The sensory quality of carrots is determined by its content of
primary and secondary metabolites. Especially cultivar and
geographical location and thus soil type and climate play a
major role in the chemical composition of carrots.4,16 It is well-
known that the source of nitrogen may inﬂuence nitrogen
availability,6,9 and thus indirectly dry matter (DM) content and
the sugar metabolism,17,18 and thereby the taste and texture of
the carrot. Besides this, temperature and light during growth
inﬂuence the weight, length, and shape of the carrot root,3,19−21
and it can cause a large variation in root size between growing
years.22
Aliphatic C17 polyacetylenes of the falcarinol-type are
widespread in the Apiaceae family.23,24 In carrots, falcarinol
(FaOH), falcarindiol (FaDOH), and falcarindiol-3-acetate
(FaDOAc) are the main polyacetylenes identiﬁed,23 of which
especially falcarindiol contributes to a bitter taste of carrots.25
Terpenes constitute ≥98% of the total volatile fraction of
carrots mainly being mono- and sesquiterpenes,26−28 where
especially the monoterpenes are responsible for the aroma and
ﬂavor of carrots.27,29
The aim of the present study was to investigate the quality
diﬀerences between carrots grown in one conventional and
three organic cropping systems during three consecutive years
on the same geographical location. Every year the root size and
the contents of DM, sugars, terpenes, and polyacetylenes were
determined and the sensory quality assessed by a trained
sensory panel. The results on cropping systems and growing
years were related to data on chemical composition and sensory
quality as well as to the climatic conditions.
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■ MATERIALS AND METHODS
Reagents and Chemicals. Ultrapure water was made by an
Elgastat Maxima Analytica Water Puriﬁcation System (Elga LabWater,
Marlow, United Kingdom). Authentic standard of glucose was
supplied by Merck Chemicals (Darmstadt, Germany), and standards
of fructose and sucrose were from Sigma-Aldrich (St. Louis, MO).
Sodium hydroxide (NaOH) and anhydrous Na2SO4 were purchased
from Merck Chemicals (Darmstadt, Germany), and HPLC-grade ethyl
acetate (EtOAc) and acetonitrile (MeCN) were from Sigma-Aldrich
(St. Louis, MO). All HPLC-eluents were ﬁltered through 0.45 μm
Minisart SRP 25 ﬁlters (Bie & Berntsen, Rødovre, Denmark) and
degassed by ultrasound for 20 min before use. Authentic standards of
FaOH, FaDOH, and FaDOAc were isolated from carrots following the
procedure of Kidmose et al.4 Authentic aroma reference compounds of
α-phellandrene, β-myrcene, α-terpinene, ρ-cymene, β-caryophyllene,
and α-humulene were obtained from Fluka Chemie GmbH (Buchs,
Switzerland), α-pinene, camphene, β-pinene, sabinene, limonene, β-
phellandrene, and γ-terpinene from Sigma-Aldrich (St. Louis, MO), α-
thujene and β-farnesene from Wako Chemicals Ltd. (Tokyo, Japan),
terpinolene from Carl Roth GmbH (Karlsruhe, Germany), and γ-
bisabolene from TCI Tokyo Organic Chemicals Ltd. (Tokyo, Japan).
β-Bisabolene was synthesized using the method of Crawford et al.30
Production of Carrots. Carrots (Daucus carota L. cv. Bolero)
were grown in four cropping systems: one conventional (C) and three
organic systems (O1, O2, and O3) in the years 2007, 2008, and 2009.
All carrots were grown at the Department of Food Science, Aarhus
University, Research Centre Aarslev, Denmark (10°27′E, 55°18′N) in
a sandy loam soil (Typic Agrudalf) with a 0−0.5 m soil layer
containing 1.0% carbon, 13% clay, 15% silt, and 70% sand. The
pHCaCl2 was 6.7; the content of phosphorus was 23 mg kg
−1, and that
of potassium 115 mg kg−1 (P was extracted with 0.5 M NaHCO3 and
K with CH3COONH4). All ﬁelds were managed according to organic
practice 10 years prior to the setup of the experiment in Autumn
2006.1 Carrots were grown following oats as part of an 8-year crop
rotation system including a number of vegetables and cereals. The
experiment was a randomized complete block design with three ﬁeld
replicates. Table 1 gives an overview of the four cropping systems used
for the carrots. The cropping systems varied in nutrient supply and
pest management. Pesticides and nutrients in the form of inorganic
NPK fertilizer were applied in the conventional system (Table 1). In
the O1 system, nutrients were imported pig slurry, and in the O2 and
O3 systems, an autumn crop of undersown legume/nonlegume
mixture was incorporated into the soil in the early spring as green
manure. In the O3 system, parts of the undersown mixture were left to
grow as an intercrop between the rows of carrots (Table 1). A detailed
description of the experimental design and the cropping systems
including pest management, fertilization, and tillage operations is given
in Thorup-Kristensen et al.1 Over the growing season the carrots were
irrigated when precipitation deﬁcits increased above 30 mm. In all
years carrots were harvested in the ﬁrst week of October when
taproots were fully mature. After harvest the carrots were stored at 1
°C and 98% relative humidity to avoid early decay and dehydration.
Carrots were analyzed between 22 and 44 days after harvest (Table 2).
The ﬁeld replicates were used as true triplicates in the analyses.
Climate Monitoring. The air temperature 2 m above ground and
global radiation were measured daily during the growing period from
May to October on the national weather station at Research Centre
Aarslev. The mean air temperature is given as monthly averages and as
averages over growing year. The temperature sum is calculated as the
sum above 0 °C. Global radiation is given as total per month and as
total over growing year.
Sample Preparation. A representative sample of 10 kg of carrots
with no visible defects was taken from each ﬁeld replicate for analyses.
Carrots were washed, and a subsample of 50 of the most representative
roots in the size range 75−150 g was taken for analyses. Root weight,
root length, and upper root diameter were measured on 10 randomly
selected carrots from the subsample. From these values root
cylindricity was calculated as described in Bleasdale and Thompson31
(cylindricity = root weight(g)/[π*(root radius(cm))2*root length
(cm)]). Carrots with a cylindrical shape had a cylindricity value close
to 1, while roots with a conical shape had a value close to 0.22 The 50
carrots were then manually peeled (approximately 0.65−1.00 mm of
the periderm was removed) and trimmed (2 cm of the tip and 2 cm of
the top were removed), cut into sticks of 2 × 2 × 20 mm on a food
processor (Robot Coupe CL50, Vincennes, France), and carefully
mixed. Samples from each ﬁeld replicate were taken for immediate
Table 1. Production of Carrots in the Conventional and Organic Cropping Systemsa
cropping system C conventional O1 organic O2 organic O3 organic
autumn soil cover no soil cover no soil cover undersown mixtureb undersown mixturec
nutrient supply NPK fertilizer import of conventional pig slurry mineralization of mixtureb mineralization of mixturec
N addition (kg N ha−1) 120 56 0 0
use of synthetic pesticides yes no no no
aSee Thorup-Kristensen et al.1 for details on cropping systems. bLegume/nonlegume mixture of Anthyllis vulneraria L., Medicago lupulina L.,
Trifolium repens L., Trifolium pratense L., and Lolium perenne L. was undersown in oats the year before and incorporated into the soil before carrots
were sown. cLegume/nonlegume mixture of Sanguisorba minor Scop. and Lotus corniculatus L. was undersown in oats the year before. The following
year, two-thirds of the mixture was incorporated into the soil in strips before carrots were sown, the rest being left as an intercrop grown together
with the carrots.
Table 2. Production Parameters and Root Size of Carrotsa
year
2007 2008 2009 signiﬁcance levelb
production parameters
days to harvestc 133 131 139 −
days stored at 1 °C 44 22 30 −
root size
root weight (g) 112 bd (100−130) 99 c (87−113) 126 a (106−149) P ≤ 0.001
root length (cm) 16.9 b (15.6−17.7) 15.9 c (14.0−16.9) 17.9 a (17.0−19.1) P ≤ 0.001
cylindricitye (g/cm3) 0.73 a 0.71 a 0.68 b P ≤ 0.001
aThe data on root size is presented as means of the four cropping systems with 10 replicate roots from each system (N = 40). Ranges are given in
parentheses. bSigniﬁcance levels: −, not determined. cDays from sowing to harvest. dMeans followed by diﬀerent letters in the same row are
signiﬁcantly diﬀerent according to Tukey’s honest signiﬁcant diﬀerence test at P = 0.05. eCylindricity is calculated as root weight(g)/[π*(root
radius(cm))2*root length(cm)] according to Bleasdale and Thompson.31
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analyses of DM, polyacetylenes, terpenes, and sensory quality. A
subsample of 75 g was frozen in liquid nitrogen and kept at −24 °C
until later for analysis of sugars.
Dry matter. The DM content was determined by weighing carrots
sticks before and after drying in a ventilated oven (Lytzen A/S, Herlev,
Denmark) at 80 °C for 20 h.
Extraction and Analysis of Sugars. Free sugars were extracted
with water and identiﬁed and quantiﬁed by high-performance anion
exchange chromatography (HPAEC) following the method of
Kreutzmann et al.32 Frozen carrot sticks were homogenized in
ultrapure water, and free sugars were extracted from 2 g of carrot puree
with 50 mL of ultrapure water at room temperature for 3 h, ﬁltered
(0.45 μm AcetatePlus Cameo ﬁlter (Bie & Berntsen, Rødovre,
Denmark)), and diluted to 50 mL with ultrapure water. Extracted
sugars were analyzed on a Dionex series 300DX ion chromatograph
(Dionex, Sunnyvale, CA) coupled to a pulsed amperometric detector
and equipped with a borate trap (4 × 50 mm), an amino trap (4 × 50
mm), and a CarboPac PA10 analytical column (4 × 250 mm)
(Dionex, Sunnyvale, CA). Separation of sugars was done by gradient
elution with 200 mM NaOH (A) and water (B) with the following
elution proﬁle: 0.0 min, 12% A; 7.0 min, 15% A; 13.0 min, 30% A;
24.0−34.8 min, 100% A; 35.0 min, 12% A. The solvent ﬂow was 1
mL/min, and the oven temperature was 28 °C. Sugars were identiﬁed
by peak addition and quantiﬁed using calibration curves of authentic
standards. The retention times (RT) for glucose, fructose, and sucrose
were 10.5, 12.1, and 14.8 min, respectively.
Extraction and Analysis of Polyacetylenes. Polyacetylenes
were extracted from fresh carrot tissue with EtOAc and identiﬁed and
quantiﬁed by high-performance liquid chromatography (HPLC) using
a modiﬁed method of Kreutzmann et al.32 Carrot sticks (20 g) were
homogenized and polyacetylenes extracted with 60 mL of EtOAc
under stirring overnight at room temperature. Extracts were ﬁltered,
and ﬁltrates re-extracted with an additional 60 mL of EtOAc under
stirring at room temperature for 3 h and ﬁltrated again. The EtOAc
extracts were combined, and water removed by stirring with 15 g of
anhydrous Na2SO4 and then ﬁltrated. The solvent was evaporated to
dryness under reduced pressure, and the residue redissolved in 5 mL
of EtOAc and then ﬁltrated (0.45 μm Nylon, Cameo ﬁlter (Osmoniks,
Minnetonka, MN)). Extracted polyacetylenes were analyzed on a
Dionex HPLC 580 series system (Dionex, Sunnyvale, CA) equipped
with a diode array detector (Ultimate 3000, Dionex, Sunnyvale, CA)
and a ﬂuorescence detector (RF 2000, Dionex, Sunnyvale, CA).
Separation was performed on a Luna 3 μ C18(2) 100A column (150
mm × 4.6 mm i.d., particle size 3.0 μm, Torrance, Phenomenex, CA),
by elution with MeCN (A) and water (B) using the following elution
proﬁle: solvent gradient 0−5 min: 20% A, 10 min 50% A, 30 min 53%
A, 45−50 min 65% A, 70−72 min 75% A, 90−95 min 95% A 100−110
min 20% A. The ﬂow rate was 1 mL/min, the oven temperature was
40 °C, and the injection volume was 20 μL. Compounds were
monitored at 205 nm, and the UV-spectra were recorded between 200
and 450 nm. The UV maxima and retention times for the
polyacetylenes were the following: FaDOH: RT = 31.5, λmax = 233,
246, 259; FaOH: RT = 55.1 min, λmax = 231, 244, 257; FaDOAc: RT =
47.5, λmax = 233, 247, 260. Polyacetylenes were identiﬁed by peak
addition and quantiﬁed using calibration curves of authentic standards
isolated from carrots.
Collection and Analysis of Terpenes. Terpenes were collected
by dynamic headspace sampling using a modiﬁed method of Kjeldsen
et al.27 and Bach et al.33 Collected terpenes were identiﬁed and
quantiﬁed by gas chromatography−mass spectrometry (GC−MS).
Carrot sticks (40 g) were placed on a bed of glass globes (diameter 1.5
cm) in a 250 mL conical ﬂask equipped with a glass cap connected to
an inlet of dry nitrogen and ﬁtted with a stainless steel sorbent tube
containing Tenax TA (0.200 g of resin, mesh size 60/80, C-TBP1T,
Markes International Limited, Llantrisant, United Kingdom) and
placed in a thermostatic incubator (Termaks 6000 Incubator, Lytzen
A/S, Herlev, Denmark) at 25 °C. Nitrogen was purged through the
sample at a ﬂow rate of 50 mL/min for 30 min, and headspace volatiles
were collected on the sorbent tube. Collected volatiles were desorbed
on a thermal desorption unit (Ultra-UNITY, Markes International
Limited, Llantrisant, United Kingdom) for 15 min at 250 °C,
transferred via a heated transfer line (250 °C) to a −10 °C cold trap
(U-TIIGCP, Markes International Limited, Llantrisant, United
Kingdom), and held for 3 min before they were desorbed at 300
°C. Separation was performed on a GC (Finnigan TraceGC Ultra,
Thermo, Waltham, MA) equipped with a split/splitless injector and a
single quadrupole MS detector (Finnigan Trace DSQ, Thermo,
Waltham, MA). Separation was performed using a 50 m × 250 μm
CP-WAX-52 CB, 0.25 μm ﬁlm thickness, capillary column (Varian
Inc., Palo Alto, CA) using the following temperature program: a
starting temperature of 35 °C for 1 min, increasing to 80 °C at 1.5 °C/
min, then to 125 °C at 1.5 °C/min, and then to 220 °C at 18 °C/min,
and held here for 20 min. Helium was used as carrier gas at a ﬂow rate
of 1 mL/min, and the split ratio was 1:11. The mass spectrometer
operated in positive ion mode with an ionization energy of 70 eV. A
mass scan range of 35−650 amu was applied. Terpenes suggested by
the NIST mass spectral database were veriﬁed by comparison with
mass spectra and retention indices of authentic reference compounds.
Terpenes were quantiﬁed using external calibration curves of authentic
standards (β-pinene, β-caryophyllene, and β-ionone) run by the
method described above.
Sensory Descriptive Analysis. Sensory descriptive analysis was
performed by a trained sensory panel of 9 (2007), 11 (2008), and 11
(2009) assessors aged 25−60 years old. Three assessors participated all
years, while six participated two out of three years. The assessors had
previously been tested for their ability to discriminate and
communicate sensory impressions as described in ISO 8586-1,34 and
the evaluation was performed in a sensory evaluation laboratory
according to international standards.35 Prior to the ﬁrst analysis, a
sensory proﬁle was developed for carrot including attributes of color,
aroma, ﬂavor, taste, and texture by the assessors. The same proﬁle was
used all three years and consisted of 16 attributes, which are described
in Table 3. Samples were weighed into portions of 25 g in plastic
beakers with lids and coded with three-digit numbers. Samples were
evaluated at individual speed on an unstructured 15 cm line scale with
end anchor points ranging from low (value 0) to high intensity (value
15) in a randomized order to avoid bias. All data were registered on
computers using the FIZZ sensory software solution system (ver.
2.00M, Couternon, France).
Statistical Analysis. Statistical analysis was performed using the
general linear models (GLM) procedure of the Statistical Analysis
Table 3. List of Sensory Attributes with Descriptions and
Used Reference Samples
sense
sensory
attribute description reference sample
appearance orange
color
the intensity of orange
color
aroma carrot aroma of raw carrot root
terpene harsh and turpentine-like
aroma
mixture of authentic
terpene standards
green top aroma of green carrot top fresh cut carrot top
faded aroma of faded hay
soapy aroma of soap soft soap
ﬂavor carrot ﬂavor of raw carrot root
terpene harsh and turpentine-like
ﬂavor
mixture of authentic
terpene standards
green top ﬂavor of green carrot top fresh cut carrot top
faded ﬂavor of faded hay
soapy ﬂavor of soap soft soap
nutty ﬂavor of green hazelnut
taste sweetness taste of sugar
bitterness
aftertaste burning sharp, burning aftertaste
in the mouth
texture juiciness sensation of juiciness and
moistness when chewed
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System (SAS Institute, Cary, NC). Chemical data and root size data
were analyzed by two-way analysis of variance (ANOVA) to test for
signiﬁcant diﬀerences between cropping system, growing year, and
interactions. Sensory data were analyzed each year separately by mixed
model ANOVA with cropping system as main eﬀect and assessor as
random eﬀect. Data were checked for outliers and normal distribution
before statistical analysis. Tukey’s honest signiﬁcance diﬀerence
(HSD) test was used for multiple comparisons at P = 0.05, and all
conclusions were based on Type III sums of squares for missing data.
Principal component analysis (PCA) was performed in SIMCA-P+
(ver. 13.03., Umetrics, Umea,̊ Sweden) to describe the relation
between climate data, root size, and contents of DM, sugars,
polyacetylenes, and terpenes. Mean values over ﬁeld replicates were
used. All data were mean-centered and autoscaled before analysis.
■ RESULTS AND DISCUSSION
In each of the three growing years, conventional and organic
carrots were grown under standardized conditions,1 and
diﬀerences with regard to days to harvest, harvest method,
curing, postharvest storage, sampling of carrots for analyses,
and sample preparation were kept at a minimum. Only
fertilization and pest management practices diﬀered between
the cropping systems (Table 1). In the conventional system,
inorganic NPK fertilizer was used, while imported pig slurry in
the O1 and an undersown legume/nonlegume mixture were
used in the O2 and O3 systems. Carrots grown in the C and
O2 systems had higher nitrate contents than those grown in the
O1 and O3 systems36 which collaborated with a signiﬁcantly
lower N uptake in carrots grown in the O3 system.1 As carrots
were grown using the same cropping systems at the same
location each year, it was mainly the climatic conditions which
diﬀered between years. The global radiation and the mean air
temperature at 2 m height each month are seen in Figure 1.
The results showed signiﬁcant diﬀerences (P ≤ 0.05) in root
size and in contents of DM, sugars, polyacetylenes, and
terpenes between the three growing years (Tables 2, 4, and 5),
but no signiﬁcant diﬀerences (P > 0.05) between cropping
systems for any of the investigated chemical constituents or
sensory attributes (Figures 2 and 3).
A PCA was made with the data from all three years to
explore the relations between the climate data, the root size,
and the chemical constituents (Figure 4). The data from the
descriptive sensory analysis were not included in the PCA, as it
was not possible to compare the results of the sensory analysis
between years because assessors diﬀered and intensity levels
could not be standardized. PC 1 explained 65% of the variation
in the data, and PC 2 explained 23%. The score plot showed
that the model only separated the three growing years and not
the cropping systems (Figure 4A). PC1 mainly described the
diﬀerences between year 2009 and the years 2007 and 2008,
whereas PC2 explained the diﬀerence between the years 2007
and 2008 (Figure 4A).
Root Size. Carrots were harvested 133, 131, and 139 days
after sowing in 2007, 2008, and 2009, respectively, and thus
with less than a week diﬀerence in growing period, and stored
for 44, 22, and 30 days, respectively, at 1 °C before analyses
(Table 2). Previous results showed that there was no eﬀect of
cropping system on size distribution, root defects, or incidences
of pests and diseases within the year.1 As root size aﬀects the
contents of secondary metabolites,4 carrots of similar size were
sampled from all cropping systems each year. The carrots were
chosen from a representative group of medium-sized carrots
ranging between 31 and 41 mm in diameter and weighing
between 75 and 150 g. There were no signiﬁcant diﬀerences (P
> 0.05) in weight, length, or cylindricity between the sampled
carrots from each cropping system within the year (data not
shown), but there were signiﬁcant diﬀerences (P ≤ 0.001)
between years (Table 2). The sampled carrots varied between
87 and 149 g in weight, 14 to 19 cm in length (Table 2), and 31
to 39 mm in root diameter (data not shown) over the three
years. Carrots with the highest root weight and length were
sampled in 2009, intermediate in 2007, and lowest in 2008
(Table 2). Cylindricity showed an opposite tendency, with the
highest value in 2007 and the lowest in 2009 (Table 2). This
implies that carrots grown in 2007 were more cylindrical and
less conical in shape than those grown in 2009.
Rosenfeld et al.19,20 reported that light had a larger eﬀect on
root size than on carrot composition (DM, sugars, and
carotenoids) and sensory quality, whereas it was opposite for
temperature. Carrots grown in phytotrons with peat soil at low
temperatures (9 and 12 °C) had longer roots of lower weights
than carrots grown at higher temperatures (18 and 21 °C) at
the same solar radiation.19 Carrots grown at the same
temperature but at higher solar radiation (1385−1395 MJ/
m2) were longer and heavier than those grown at lower solar
radiation (182 MJ/m2).20 In our study root weights and lengths
followed the same trend, as the lightest and shortest roots were
harvested in 2008 and the heaviest and longest in 2009 (Table
2). The mean air temperature was almost similar the three years
(15.1, 14.9, and 15.0 °C in 2007, 2008, and 2009, respectively),
while there were bigger diﬀerences in the temperature sum and
the global radiation between years. The temperature sum was
1909, 1937, and 2090 in 2007, 2008, and 2009, respectively,
and the global radiation was 2041, 2262, and 2523 MJ/m2 in
2007, 2008, and 2009, respectively.
In Figure 4B, root weight and length were placed together in
the loading plot of the PCA and near the temperature sum and
the global radiation with regard to PC1, but opposite to
cylindricity. Mean air temperature, on the other hand, had a low
inﬂuence on PC1, but it inﬂuenced the discrimination between
the years 2007 and 2008 along PC2 (Figure 4). The higher
global radiation and temperature sum of 2009 gave longer and
heavier roots with a more conical shape than the lower
radiation and temperature sum of 2007 and 2008. This was
Figure 1.Monthly mean temperature (°C) (lines) and global radiation
(MJ/m2) (bars) from sowing in May to harvest in October for carrots
grown in 2007, 2008, and 2009.
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unexpected as a more progressed growth development and
more mature roots are known to give a more cylindric shape of
the root.19,22
Contents of DM and Sugars. The contents of DM varied
between 11.1 and 13.7 g/100 g fresh weight (FW) (Figure 2).
In 2009, the DM and sugar contents were signiﬁcantly higher
(P ≤ 0.05) than in 2007 and 2008 (Table 4). In 2007 and 2008,
subsamples of carrots were taken from the same ﬁelds and sent
for analyses at two other research laboratories in Europe. In one
laboratory, the DM content of peeled carrots was signiﬁcantly
higher in 2008 (11.3 g/100 g FW) than in 2007 (9.2 g/100 g
FW),7 while there were no signiﬁcant diﬀerences between years
in DM content of unpeeled carrots (9.5 g/100 g FW both
years) in the other laboratory.36 We found no signiﬁcant
diﬀerences (P > 0.05) between DM contents of carrots grown
in 2007 and 2008 (Table 4).
Glucose, fructose, and sucrose were identiﬁed as the
individual sugars present in the carrots (Table 4). Sucrose
was the most abundant sugar constituting 57−69% of the total
sugar content, whereas glucose and fructose composed 16−
22% and 15−22% of the total, respectively. The glucose and
fructose contents were signiﬁcantly higher (P ≤ 0.001) in 2007
and 2008 than in 2009, whereas the opposite was seen for
sucrose and total sugars (Table 4). Paoletti et al.7 found a lower
content of sucrose and fructose in 2008 than in 2007, whereas
the glucose content remained the same the two years. In our
study there was no diﬀerence in the content of glucose and
sucrose between 2007 and 2008, but fructose was higher in
2007 than in 2008. We used carrots in the size range 87−149 g
(Table 2), while Paoletti et al.7 used carrots of 50−250 g, and
they could therefore have experienced a larger size diﬀerence
between the two years than us, which might explain the
diﬀerence in DM and sugar contents.
The contents of DM and total sugars followed the same
trend as root weight and length (Table 2), as contents were
higher in 2009 than in 2007 and 2008. According to the PCA
Table 4. Contents of Dry Matter, Sugars, and Polyacetylenes per 100 g Fresh Weight of Carrota
year
compound 2007 2008 2009 signiﬁcance level
dry matter (g/100 g) 11.4 ± 0.2 bb 11.3 ± 0.2 b 13.2 ± 0.6 a P ≤ 0.001
sugars (g/100 g)
glucose 1.7 ± 0.1 a 1.6 ± 0.1 a 1.4 ± 0.1 b P ≤ 0.001
fructose 1.7 ± 0.2 a 1.4 ± 0.1 b 1.3 ± 0.1 b P ≤ 0.001
sucrose 4.5 ± 0.3 b 4.5 ± 0.3 b 6.1 ± 0.5 a P ≤ 0.001
total sugars 7.9 ± 0.4 b 7.5 ± 0.2 b 8.9 ± 0.5 a P ≤ 0.001
polyacetylenes (mg/100 g)
falcarindiol 3.6 ± 0.7 ab 2.9 ± 0.4 b 4.0 ± 0.8 a P ≤ 0.01
falcarinol 1.3 ± 0.2 c 2.5 ± 0.5 b 2.9 ± 0.5 a P ≤ 0.001
falcarindiol-3-acetate 0.7 ± 0.3 b 1.0 ± 0.2 b 1.8 ± 0.6 a P ≤ 0.001
total polyacetylenes 5.5 ± 1 b 6.4 ± 0.7 b 8.8 ± 0.5 a P ≤ 0.001
aData are presented as mean values of the four cropping systems and triplicate samples per system ± standard deviation (N = 12). bMeans followed
by diﬀerent letters in the same row are signiﬁcantly diﬀerent according to Tukey’s honest signiﬁcance test at P = 0.05.
Table 5. Contents of Isolated Terpenes in μg per 100 g Fresh Weight of Carrota
year
volatile compoundsb 2007 2008 2009 signiﬁcance levelc
α-pinene 5.15 ± 1.72 ad 3.30 ± 1.19 b 4.88 ± 2.01 a P ≤ 0.01
α-thujene 1.25 ± 0.41 a 0.90 ± 0.41 a 0.93 ± 0.29 a ns
camphene 0.22 ± 0.08 a 0.14 ± 0.04 b 0.25 ± 0.09 a P ≤ 0.001
β-pinene 2.93 ± 0.52 a 1.81 ± 0.56 b 1.45 ± 0.31 b P ≤ 0.001
sabinene 11.9 ± 3.35 b 18.5 ± 7.33 a 19.3 ± 7.01 a P ≤ 0.05
α-phellandrene 1.64 ± 0.67 a 1.21 ± 0.67 ab 0.92 ± 0.39 b P ≤ 0.05
β-myrcene 4.80 ± 1.57 a 5.09 ± 2.56 a 6.82 ± 2.19 a ns
α-terpinene 1.58 ± 0.61 a 0.67 ± 0.40 b 0.7 ± 0.19 b P ≤ 0.001
limonene 8.98 ± 2.98 a 6.52 ± 3.09 ab 5.67 ± 2.33 b P ≤ 0.05
β-phellandrene 0.58 ± 0.21 a 0.33 ± 0.17 b 0.43 ± 0.13 ab P ≤ 0.05
γ-terpinene 37.1 ± 9.78 a 19.13 ± 9.21 b 12.5 ± 3.37 b P ≤ 0.001
p-cymene 5.31 ± 0.94 a 2.08 ± 0.54 b 1.33 ± 0.2 c P ≤ 0.001
terpinolene 131.4 ± 48.8 a 86.8 ± 45.4 b 61.9 ± 29.2 b P ≤ 0.01
β-caryophyllene 41.3 ± 5.17 a 27.7 ± 6.5 b 36.9 ± 6.31 a P ≤ 0.001
α-humulene 1.82 ± 0.23 a 1.17 ± 0.27 c 1.55 ± 0.26 b P ≤ 0.001
β-farnesene 0.40 ± 0.09 a 0.26 ± 0.07 b 0.43 ± 0.1 a P ≤ 0.001
γ-bisabolene 3.29 ± 0.52 a 1.63 ± 0.49 b 3.54 ± 0.98 a P ≤ 0.001
β-bisabolene 0.73 ± 0.2 a 0.37 ± 0.1 b 0.66 ± 0.17 a P ≤ 0.001
total terpenes 260.3 ± 70.3 a 177.6 ± 76.5 b 160.1 ± 48.6 b P ≤ 0.01
aData are presented as mean values of the four cropping systems and triplicate samples per system ± standard deviation (N = 12). bIdentiﬁcation is
based on mass spectra and RI of authentic reference compounds. cns, not signiﬁcant. dMeans followed by diﬀerent letters in the same row are
signiﬁcantly diﬀerent according to Tukey’s honest signiﬁcance test at P = 0.05.
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model, the contents of DM, sucrose, and especially total sugars
were highly related to temperature sum and global radiation
(Figure 4B); i.e., a higher temperature sum and global radiation
gave a higher DM, sucrose, and total sugar content of the root.
Sucrose was negatively related to glucose and fructose contents
as these constituents were placed opposite to each other with
regard to PC1 (Figure 4B). Apparently, the sucrose metabolism
was up-regulated in 2009 when global radiation and temper-
ature were high, while the metabolism of glucose and fructose
was down-regulated. This is consistent with previous results on
carrots.2,20,29 There was no eﬀect of cropping system on the
contents of DM and sugars (Figure 2), despite that the nitrogen
supply diﬀered between the systems (Table 1). Neither Paoletti
et al.7 nor Jensen et al.36 found any eﬀect of cropping system on
the DM content of carrots grown in 2007 and 2008.
Polyacetylenes. The polyacetylenes FaOH, FaDOH, and
FaDOAc were quantiﬁed in the fresh carrots (Table 4). The
contents of total polyacetylenes varied between 5.1 and 9.5 mg/
100 g FW (Figure 2), and the contents were thus in line with
previous results on cv. Bolero.4,32,37 FaDOH was the most
abundant polyacetylene followed by FaOH and FaDOAc
(Table 4). Søltoft et al.15 have previously quantiﬁed the
polyacetylenes in carrots from cropping systems C, O1, and O2
in 2007 and 2008 relative to FaDOH, and they found a similar
relationship between the polyacetylenes as in our study. Others
also found that FaDOH is the most abundant polyacetylene in
unpeeled37,38 and peeled carrots.4
The contents of FaOH and FaDOAc and total polyacety-
lenes were higher in 2009 than in 2007 and 2008, and the
content of FaDOH was higher in 2009 than in 2008 (Table 4).
According to Kjellenberg et al.,37 growing year has a greater
eﬀect on the polyacetylene content than harvest date,
geographical location, and cultivar. The concentration of total
Figure 2. Contents of dry matter, total sugars, total polyacetylenes,
and total terpenes in carrots grown in four cropping systems in 2007,
2008, and 2009. Values are mean + standard deviation of three ﬁeld
replicates. There were no signiﬁcant diﬀerences (P > 0.05) between
cropping systems for any of the constituents. The cropping systems are
described in Table 1.
Figure 3. Spiderplots of the descriptive sensory analyses of carrots
grown in the four cropping systems in 2007, 2008, and 2009. A,
aroma; F, ﬂavor; AT, aftertaste. There were no signiﬁcant diﬀerences
(P > 0.05) between cropping systems for any of the sensory attributes
in any of the years. The cropping systems are described in Table 1.
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polyacetylenes across growing years followed the same trend as
DM and total sugars (Table 4). This can also be seen in Figure
4B, where DM, total sugars, and total polyacetylenes were
placed together in the plot along PC1. As with DM, total
sugars, and sucrose, the content of polyacetylenes was higher at
high than at low global radiation and temperature sum. The
individual polyacetylenes FaOH and FaDOAc were positively
related to sucrose and negatively related to glucose and
fructose, a result which was also supported by signiﬁcant
Pearson correlations (data not shown). FaDOH was placed in
the same end of the plot with regard to PC1 but was not
correlated to any of the sugar constituents. Kjellenberg et al.22
suggested that the sucrose-hydrolyzing enzymes and the
enzymes converting FaOH to FaDOH and FaDOAc are active
under the same conditions in the carrot. If this was the case
FaDOH and FaDOAc should have been placed near glucose
and fructose in Figure 4B, and not together with FaOH and
sucrose as it was the case.
There were no signiﬁcant (P > 0.05) diﬀerences between
cropping systems in the content of total polyacetylenes in any
of the three years (Figure 2). Polyacetylenes are phytoalexins
which are synthesized in the plant as a response to stress
conditions such as fungal infection.23 In 2007, there was a high
incidence of carrot ﬂy (17.5%) and cavity spot symptoms
(4.3%) at harvest but not in 2008.39 During sampling, carrots
with visual symptoms of pests and diseases were discarded and
not included in the samples for analyses, and therefore we did
not expect to see diﬀerences in the polyacetylene contents due
to pest and diseases between cropping systems and growing
years. This is in line with Søltoft et al.15 who reported the same
contents of FaOH, FaDOH, and FaDOAc in cv. Bolero grown
in 2007 and 2008 in the C, O1, and O2 systems.
Terpenes. Eighteen terpenes were identiﬁed in the carrots,
and the total content varied between 134 μg/100 g FW in the
O2 system in 2009 and 314 μg/100 g FW in the O1 system in
2007 (Figure 2). Terpinolene was the most abundant terpene
and β-caryophyllene and γ-terpinene the second most abundant
terpenes (Table 5). In other studies, terpinolene has also been
the main terpene in carrots.26−29 Terpinolene comprised 50,
49, and 39% and total monoterpenes 82, 82, and 73% of the
total volatiles in 2007, 2008, and 2009, respectively. Sixteen of
the individual terpenes and the total content of volatiles were
diﬀerent in the three growing years (Table 5). The total
content was higher in 2007 than in 2008 and 2009 (Table 5).
The same trend was seen for many of the other terpenes
including terpinolene. β-Caryophyllene, on the other hand,
followed another trend as the lowest content was observed in
2008 (Table 5). The monoterpene sabinene was the only
terpene which had the lowest content in 2007 (Table 5).
In Figure 4B it is clear that total terpenes is negatively related
to total sugars, polyacetylenes, and DM but positively related to
fructose and glucose; i.e., terpenes are formed in years with low
global radiation and low temperature sum which also favor
glucose and fructose synthesis (Figure 4B). Paoletti et al.7
found that the contents of total sesquiterpenes and β-
caryophyllene were higher in 2008 than in 2007 in carrots
grown in the C, O1, O2, and O3 systems. This result is in
contrast to our results (Table 5). Paoletti et al.7 reported only
total sesquiterpenes and β-caryophyllene, and therefore
information is sparse on individual terpenes in relation to
growing year. In addition, Paoletti et al.7 extracted volatile
compounds with water, and then isolated terpenes from the
water phase with stir bar sorptive extraction, a method that
would result in a low content of volatiles due to the insolubility
of the terpenes in the water phase. In our study we used
dynamic headspace sampling on Tenax TA traps, which is a
gentle method for sampling of sensory important aroma
volatiles. As seen with the other chemical compounds, there
were no diﬀerences in the contents of terpenes between
cropping systems (Figure 2).
Sensory Quality. The sensory attributes chosen for
descriptive sensory analysis were similar to other studies on
sensory quality of fresh carrots.28 As seen in Figure 3, the spider
plots of all three growing years had similar patterns. However, it
was not possible to compare the results of the sensory analysis
between years because assessors diﬀered and intensity levels
could not be standardized. In each year it was the same sensory
attributes which scored highest; carrot ﬂavor, sweetness,
juiciness, and orange color.
Terpenes contribute to the characteristic aroma and ﬂavor of
carrots such as terpene aroma and ﬂavor, green top aroma and
ﬂavor, and burning aftertaste.28 Simon et al.29 reported that the
contribution of terpenes to carrot ﬂavor depends on the sugar
content of the carrots, as certain terpenes contribute negatively
to sweet taste. Carrots harvested in 2007 had a high content of
total terpenes (Table 5) and a low content of sugars (Table 4),
Figure 4. PCA plot of the climate data, root size, and chemical
constituents of carrots grown in the four cropping systems in 2007,
2008, and 2009. Data are presented as mean values of the three ﬁeld
replicates. (A) Score plot. (B) Loading plot. The cropping systems are
described in Table 1.
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and they were therefore expected to be stronger in carrot aroma
and ﬂavor than carrots from 2009, which had lower terpene
contents (Table 5) and higher sugar contents (Table 4). A high
sugar content and sweet taste can also mask the contribution of
terpenes to harsh ﬂavor and bitterness.28,40 Bitterness in carrots
may be due to several secondary metabolites such as FaDOH,
6-methoxymellein, and polyphenols.25,32
It has previously been reported that carrots grown at higher
temperature (14.5 °C) are sweeter and less bitter and score
lower in harsh ﬂavors than carrots grown at lower temperature
(10.4 °C).5 Carrots grown at higher temperatures (18 and 21
°C) also score higher in bitter taste and green ﬂavor than
carrots grown at lower temperatures (9 and 12 °C).19 As total
sugars, sucrose, total polyacetylenes, and FaDOH followed the
same trend, carrot taste and ﬂavor relied on a complex balance
between these compounds as well as the terpenes. The lack of
diﬀerence between cropping systems in the attribute orange
color is supported by Søltoft et al.14 who found no diﬀerence in
the contents of carotenoids in carrots grown in the cropping
systems C, O1, and O2 in 2007 and 2008.
There was no signiﬁcant diﬀerence in sensory quality
between cropping systems for any of the investigated attributes
(Figure 3), which is in line with the results of the chemical
analyses (Figure 2). Haglund et al.12 reported that conventional
carrots had higher intensity of carrot ﬂavor and were less bitter
than organic carrots, but the results in their study were biased
due to the use of diﬀerent carrot cultivars and diﬀerent
geographical locations for growth of carrots.
We showed that carrots can be grown organically and have
comparable eating quality to that of conventional carrots, while
being produced in a more sustainable way with increased
protection of nature, environment, and water resources against
pesticides and excess fertilizer. However, the climate during
growing inﬂuences the eating quality of carrots.
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